ABSTRACT The soybean aphid, Aphis glycines Matsumura (Hemiptera: Aphididae), alternates between a primary overwintering host (buckthorn, Rhamnus sp.) and a secondary summer host (soybean, Glycine max). Selection of soybean cultivars with different maturity groups may provide growers with a management tool for A. glycines, either directly through its effect on summer populations that cause economic damage or indirectly through its effect on the production of migrants that disperse to the primary host in fall. This study investigated the abundance and seasonality of A. glycines on soybean cultivars with different maturity rates in central Indiana. The abscission of soybean foliage occurred earlier for early maturing than late maturing cultivars, but no other consistent difference in development or yield was detected among the cultivars tested in this study. The abundance of aphids did not vary consistently among cultivars when soybean was most susceptible to economic damage. A laboratory assay evaluating the larviposition preference of A. glycines alate females, combined with a 7-yr survey documenting the colonization of buckthorn by winged aphids, indicated that the production of gynoparae on soybean began in mid-September and continued until leaf abscission. The abundance of aphids during this period was higher on late maturing cultivars than on early maturing cultivars in both 2006 and 2008, whereas no signiÞcant effect was detected in 2007. Altogether, these results suggest that planting early maturing soybean cultivars has little effect on damage by aphids on the current season crop but may reduce the number of fall migrants to the primary host.
The life cycle of heteroecious aphids (Hemiptera: Aphididae) is characterized by a seasonal shift between a primary host where individuals overwinter and a secondary host where individuals reproduce during the summer. Understanding demographic processes of heteroecious aphids is important from an applied perspective, because the secondary hosts of several aphid species include economically important crops. The population dynamics and feeding impact of aphid pests on cultivated crops are affected by several parameters, including the abundance and timing of migration events from the primary host in the spring (Way 1967 , Ward et al. 1998 , seasonal variation in the quality of the host plants (Watt 1979, Leather and Dixon 1981) , and the response of aphids to short daylength in terms of migration from the secondary to primary host (Hardie and Lees 1983 , Moran 1992 , Lamb and MacKay 1997 , Bloomers et al. 2004 , Campbell and Tregidga 2006 . Manipulating crop phenology through cultural practices such as planting date or cultivar selection may be used as a management strategy to delay or prevent the build-up of aphid populations and the intensity of feeding injury (Watt and Wratten 1984 , Honek and Martinkova 2004 , Beckendorf et al. 2008 . This strategy is possible because high aphid density late in the season, when mature plants are least susceptible to injury, may result in limited yield loss (Wells and McDonald 1961, Rhainds et al. 2007) . Late infestations may also have a low economic impact because most individuals disperse to the primary host rather than remain on the crop plant (Lamb and MacKay 1997) .
The soybean aphid, Aphis glycines Matsumura, is a major pest of soybean, Glycine max L. (Ragsdale et al. 2004 (Ragsdale et al. , 2007 . Injury is caused by multiple generations of viviparous females that form dense colonies on the soybean foliage through the summer and reduce yield by interfering with photosynthesis and the translocation of plant assimilates (Macedo et al. 2003) . In late summer or early fall, winged female migrants (gynoparae) develop on soybean and migrate to buckthorn (usually Rhamnus cathartica L.) where they reproduce parthenogenically for one generation to produce sexual females (oviparae). Winged males (androparae) are produced on soybean later and migrate to buckthorn where they mate with the sexual females. Mated females lay overwintering eggs on twigs of buckthorn. In early spring, the overwintering eggs hatch and develop into fundatrices that are the Þrst of several generations on buckthorn, each generation producing an increasing number of winged offspring that emigrate in search of soybean.
The quality of soybean foliage as a food source for A. glycines declines over time, resulting in low aphid populations late in the season (van den Berg et al. 1997 , Ragsdale et al. 2004 , Costamagna et al. 2007 ; but see Rutledge and OÕNeil 2006) . Soybean is most susceptible to aphid damage when plants are in the vegetative stage or in the ßowering stage through early seedpod formation (stages R1ÐR3) (Rhainds et al. 2007 , Beckendorf et al. 2008 ; see also Myers et al. 2005) . When seedpods are maturing (stages R4 to late R5), aphid infestations are also associated with economic damage, whereas aphids cause minor yield loss when plants have fully developed seeds within pods (stage R6) (Ragsdale et al. 2007 ). Late in the season, when seedpods are mature, the foliage of soybean turns yellow (stage R7) and drops to the ground (stage R8), causing a sharp decline in the local abundance of aphids in soybean Þelds.
Soybean cultivars exhibit large variation in ßower-ing response to daylength, which corresponds directly with time to reproductive maturationÐleaf abscission (Gbikpi and Crookston 1981, Gordon et al. 1982) . This phenological variability is classiÞed using an index of maturity group (MG), where MG 0 represents an early maturing cultivar adapted to northern regions with longer days and a short summer, and MG 8 represents late maturing cultivars adapted to southern regions with shorter days and a long summer. Farmers select a cultivar from a maturity group based on expected yield, date of planting, drought stress, and late season frost (Popp et al. 2006) . Within a given region, a range of maturity groups is adapted to local growing conditions, e.g., in central Indiana maturity groups with a ranking between 2.5 and 4.0 are suitable for cultivation. Within a location, a cultivar with a low ranking MG will mature and senesce earlier than one with a high number.
The timing of developmental maturity affects the incidence of diseases and insect pests of soybean (Gore et al. 2006, Mengistu and Heatherly 2006) but its effect on A. glycines is unknown. This study evaluated the seasonal abundance of A. glycines on soybean cultivars belonging to different maturity groups in Indiana and investigated the timing of production of gynoparae. The research objective was to determine whether the timing of plant maturity affects A. glycines directly through its effect on summer populations that cause economic damage or indirectly through its effect on the production of winged migrants that disperse to the primary host in the fall. Ritchie et al. 1994) . The timing of leaf abscission was estimated as the date when soybean plants shed most (Ͼ80%) of their leaves on being uprooted; this date also corresponded to the period when sampling of aphid populations had to be discontinued (see below).
Materials and Methods

Experimental
Yield was evaluated using a combine equipped with a 4.6-m grain table and a yield monitor (Ag Leader, Ames, IA). Grain moisture was determined using a GAC 2100 Agri moisture tester (Dickey-John, Minneapolis, MN). The yield of each plot was adjusted to a market standard moisture content of 13%.
Density of Soybean Aphid. The abundance of aphids was recorded weekly at the center of each plot on 32 plants every year, with the exception of late 2006 (24 August and beyond) when sampling size was reduced to 16 plants. Plants were selected by stratiÞed random sampling within a 40 by 40-m area centered in each plot. Aphid sampling started shortly after soybean germination and continued until shortly before the abscission of the foliage in the fall (2006: 14 June to 3 October; 2007: 7 June to 21 September; 2008: 1 July to 06 October). Plants selected for sampling were uprooted and visually inspected for up to 5 min to count the aphids on the stem, leaves, and pods. Because of time constraints, numbers of aphids on plants sampled late in the season in 2007 (when the density exceeded 250 individuals per plant) were recorded on three nodes (position 1, 5, and 9, numbered down from the top of the plant). For these plants, the number of aphids per plant was estimated using the linear relation between the sum of aphids on the three nodes (x) and on the whole plant (y), as determined with a sample of 120 plants (y ϭ 3.76x, r 2 ϭ 0.85; Yoo and OÕNeil, 2009 ). The sample size was increased to 60 plants per plot per week between 24 September and 6 October 2008 to collect a larger number of aphids to estimate the proportion of alatoid nymphs (see below). For each plot, the abundance of aphids was measured using the cumulative number of insect-days (Ruppel 1983 ). This index of abundance is commonly used to estimate damage caused by arthropods (64 citations in ISI Web of Knowledge: accessed 15 August 2009) and is particularly useful when yield loss results from an accumulation of feeding injury over time, as is the case with soybean aphid (Rhainds et al. 2007 , Beckendorf et al. 2008 . The index of cumulative aphid-days (Y) sums up the density of aphids over time: Y ϭ Α{[(density of aphids at time t) ϫ D] ϩ [(density of aphids at time t) Ð (density of aphids at time t ϩ 1) ϫ 0.5 D]}, in which D represents the number of days between consecutive sampling assessments (interval in days between time t and time t ϩ 1). This mathematical operation is equivalent to calculating the area under the curve of aphid density over time.
Values of Y were calculated in each experimental plot for different intervals in relation to plant development stage to account for the declining susceptibility of soybean to aphid injury over time (class 1: prereproductive stage [more than two thirds of plants in vegetative stage]; class 2: ßowering to early seedpod formation [more than two thirds of plants in stages R1ÐR3]; class 3: maturing seedpods [more than two thirds of plants in stages post-R3ÐR5]; class 4: mature seedpods [more than two thirds of plants in stages R6 ÐR8]). The economic impact of aphids in terms of yield reduction declines from classes 1 to 3 and was assumed to be minor for class 4 (Ragsdale et al. 2007 , Rhainds et al. 2007 , Beckendorf et al. 2008 . Consistently, insecticide applications against soybean aphids have a greater impact on yield when plants are in class 2 than in class 3 (Myers et al. 2005) . This is because aphid damage results to a large extent from a reduction in number of pods per plant and seeds per pod (Beckendorf et al. 2008) ; hence, aphid infestations in the early stage of seedpod formation cause major yield reductions. Annual crops are very often most susceptible to insect injury when reproductive organs are developing, whereas mature plants are least impacted, which has led to the development of speciÞc injury levels for different development stages for several crops (Pedigo et al. 1986 ).
Incidence of Alatoid Nymphs and Larviposition Preference of Alate Females. The abundance and proportion of alatoid nymphs in different plots were evaluated weekly for plants sampled late in 2008 (28 August to 6 October) by collecting all soybean leaves infested with aphids in a paper bag (separate bag for each plot) and determining the number of apterous and alatoid nymphs among third and fourth instars using a binocular microscope.
Alatoid nymphs collected between 17 September and 6 October 2008 were transferred to detached soybean leaßets placed inside a 14.5-cm-diameter by 2.3-cm-deep petri dish (one separate dish for each plot and collection date) and maintained in a growth chamber at 18 Ð20ЊC, 12 L:12 D photoperiod, and 60% RH. Soybean foliage inside the petri dish was changed every day, and the alatoid nymphs were inspected daily to determine the timing of alate female emergence.
A laboratory assay was set up to evaluate the host plant preference of newly emerged winged females collected in the Þeld as alatoid nymphs and reared in growth chambers (see above). One-day-old alate females were transferred to the bottom of an 8 by 3 by 20-cm high plastic box with a screen near the top, which contained a trifoliolate leaf of soybean and a shoot of R. cathartica with two leaves. The leaves of soybean and buckthorn were carefully inspected at the onset of the experiment to ensure that they were not infested with aphids. The foliage of both plants was placed in 8-cm-long plastic tubes Þlled with water and covered with a lid to prevent desiccation of the foliage. The number of early instars larviposited by alate females was recorded 4 d after the onset of the experiment as a measure of host preference. In total, 41 alate females larviposited in the laboratory bioassay.
Timing of Colonization of Buckthorn by Winged Aphids. The study was conducted between 2002 and 2008 at a 100-m-long site containing Ϸ50 R. cathartica plants; the site was located 10 km southeast of the Þeld site in West Lafayette. Starting in late August, the site was monitored weekly to determine the presence of winged aphids, i.e., the onset of colonization of buckthorn. The site was monitored daily in 2008, starting on 15 September.
Statistical Analysis. Statistical analyses were conducted using the SAS statistical package (SAS Institute 2002). Factorial analysis of variance (ANOVA; proc mixed) was used to evaluate the cumulative abundance of aphids as a function of year (three levels), soybean developmental class (four levels), and maturity group of soybean (three levels), treating all independent variables as Þxed factors; soybean development class was treated as a repeated measurement, whereas replicate was treated as a blocking factor nested within year. Factorial ANOVA was used to evaluate the cumulative abundance of aphids sampled after 15 September (classiÞed as fall migrants; see below) as a function of year and maturity group of soybean. ANOVA followed by the Fisher least signiÞcant difference method (LSD) was used to evaluate the impact of soybean maturity group on the following response variables: cumulative abundance of aphids for different intervals, estimated number of gynoparae, proportion of alatoid nymphs, and yield of soybean. Separate analyses were conducted each year. Data were subjected to square root (density of aphids), logarithmic (yield of soybean), and arcsine (proportion of alatoid nymphs) transformations to reduce heterogeneity of variance. . Early maturing cultivars developed somewhat earlier than late maturing cultivars, although the difference in phenology was small and not consistent through the season (Fig. 1) .
Results
Phenology and
Leaf abscission occurred between 28 September and 13 October in the experimental plots. Density and Seasonality of Soybean Aphid. Factorial ANOVA showed highly signiÞcant (P Ͻ 0.0001) variation in aphid abundance among years (Table 1) . Aphids were Ͼ10 times more abundant in 2007 than in 2006 or 2008 (Fig. 2) . The development class of soybean also had a highly signiÞcant effect on the density of aphids (Table 1 ). Every year, the abundance of aphids was low in July, when soybean was most susceptible to feeding injury (vegetative stage to early seedpod formation) (Fig. 2) . The density of aphids steadily increased in August and reached a peak in late August in 2007, early September in 2008, and midSeptember in 2006 (Fig. 2) . The highly signiÞcant interaction of year by soybean development class (Table 1) was caused by year-to-year variation in aphid abundance in relation to soybean development. The peak density corresponded to moderate susceptibility of soybean to aphid injury in 2007 and 2008 (transition from development classes 3Ð 4) or marginal susceptibility to injury in 2006 (development class 4; Fig. 2 ).
Soybean maturity group had a signiÞcant impact on the cumulative abundance of aphids, although the effect was not consistent, as indicated by a signiÞcant interaction of maturity group with soybean developmental class (Table 1) . A comparison of the density of aphids among years and soybean development classes showed the following differences: (1) for soybean in developmental classes three in 2006, aphids were least abundant on mid-season maturing cultivar and most abundant on early maturing cultivars, and (2) for soybean in developmental class 4 in 2007, aphids were least abundant on mid-season maturing cultivars and most abundant on late maturing cultivar; no other signiÞcant differences were observed (Table 2) . Altogether, these results indicated that the timing of The criteria used to classify soybean development are listed in the caption of Fig. 1. (A) Aphids sampled through the growing season. (B) Aphids sampled after 15 Sept. (fall migrants; see Table 3 ).
soybean maturity had a weak, inconsistent effect on current year populations of aphids.
Timing and Abundance of Gynoparae. In 2008, no alatoid nymphs were observed among Ͼ1,600 third and fourth instars sampled on 28 August and 4 September (Table 3 ). The percentage of alatoid nymphs steadily increased thereafter from 1% on 11 September to 36% on 6 October (Table 3) . Soybean maturity group did not inßuence the proportion of alatoid nymphs on any time period (P Ͼ 0.10). The average number of alatoid nymphs per plant was lowest on early maturing soybean, intermediate on late maturing soybean, and highest on mid-season maturing soybean (Fig. 3) .
Alatoid nymphs collected in the Þeld and reared in the laboratory emerged as winged adults between 18 September and 4 October (Table 3) . Among alatoid nymphs collected in the Þeld on 17 September and reared in the laboratory, 78% (seven of nine) eventually oviposited on buckthorn and 22% on soybean (Table 3 ). The preference of females for buckthorn over soybean increased to 100% among nymphs collected later in the season (Table 3 ). The number of nymphs larviposited per winged female on buckthorn leaves over a 4-d period varied between 1 and 12 and averaged 5.2 Ϯ 0.5 nymphs. The fecundity of females was not affected by the date of collection of alatoid nymphs, the maturity group of soybean, or the interaction of collection date by maturity group (P Ͼ 0.15).
Aphids sampled on soybean after 15 September were classiÞed as late season migrants to the primary host. Factorial ANOVA showed highly signiÞcant (P Ͻ 0.0001) variation among years (Table 1) (Table 4 ). The signiÞcant impact of maturity group, alone and in interaction with year (Table 1) (Table 4) .
The number of gynoparae produced per soybean plant was estimated for each plot by multiplying the average number of alatoid nymphs per plant by the proportion of winged females that larviposited on buckthorn and by summing the number of alatoid nymphs produced over the emergence period of gynoparae (17 September to 6 October). The estimated number of gynoparae per plant was lowest on early maturing soybean, intermediate on late maturing soybean, and highest on mid-season maturing soybean (Fig. 3) .
Timing of Colonization of Buckthorn by Winged Aphids. In all 7 yr, winged A. glycines gynoparae were Þrst detected on buckthorn in the second or third week of September (17 September 2002 , 16 September 2003 , 18 September 2004 , 9 September 2005 , 18 September 2006 , 21 September 2007 , 19 September 2008 . In 2008, the onset of gynopara emergence in the laboratory (18 September; Table 3 ) coincided temporally with the colonization of buckthorn in the Þeld (19 September).
Discussion
Results obtained through this study showed that: (1) A. glycines populations in Indiana increased over the latter half of the growing season, when soybean is least susceptible to injury; (2) aphid populations col- The criteria used to classify soybean development are listed in the caption of Fig. 1 . For each year and developmental class, values followed by a different letter are signiÞcantly different (ANOVA followed by LSD). lapsed late in the season; (3) gynopara production began in mid-September and was underway at the time winged migrants appeared on the primary host; and (4) the maturity groups of the crop caused only slight variation in soybean developmental rate and therefore only small differences in aphid population dynamics with no differences in yield.
The results further suggest (but do not conclusively show) that planting early maturing cultivars may contribute to reduce gynopara production, i.e., earlier foliage abscission on early maturing cultivars leads to a lower density of gynoparae. These effects potentially have an impact on the number of overwintering eggs and the density of aphids in subsequent years. Considering the high density of soybean plants per unit area (Ͼ300,000 seedlings planted per hectare), differences between maturity groups as low as 0.1 gynopara per plant translate into tens of thousands of migrants per hectare. This effect is further magniÞed by the vast acreage of soybean in Indiana (Ͼ2.5 million ha in 2008; USDAÐNASS 2009) and surrounding states. The lack of effect of maturity group on gynopara production in 2007, a year of high aphid abundance, may be attributed to the early planting of soybean or the late season numerical response of coccinellids that caused a steep decline in aphid numbers (Rhainds et al. 2010a) .
Soybean growers may thus beneÞt from planting early maturing cultivars as a soybean aphid management tactic to reduce the number of fall migrants without impacting yield. Although promising in theory, this strategy would need to be adopted by a majority of growers over a large area to be successful. It must also be noted that the maturity groups used in this study were suitable for growing conditions in central Indiana; thus, maturity group may or may not affect gynopara production in other soybean-producing regions, because the response of aphids to locally adapted maturity group cultivars may vary as a function of latitude and abiotic conditions. The high incidence of winged A. glycines migrants suggests that dispersal is a key component of aphid population dynamics across a large geographic range, e.g., aphid populations in Indiana are dependent (at least to some extent) on the migration of winged individuals from northern populations (Rhainds et al. 2010b) . Future studies are needed to relate the timing of leaf dehiscence and gynopara production as a function of soybean maturity group across the broad latitudinal range of soybean production and A. glycines distribution.
A surprising result in this study was the low incidence (Ͻ40%) of alatoid nymphs late in the 2008 season shortly before leaf abscission (Table 3 ). This suggests that most aphids are summer viviparae, which fail to produce winged dispersers before plant senescence. This unexpected trend was observed in 2008, a year of low overall aphid abundance. Future studies need to investigate the ecological parameters (e.g., population density, year-to-year variation, temperature) associated with the level of gynopara production before leaf abscission.
Understanding factors that affect the migration of A. glycines gynoparae from soybean to buckthorn is important because the density of overwintering eggs on buckthorn is a strong determinant of the level of infestation on soybean the following year (Chen et al. 1984) . A threshold of 14.5 h of daylength is associated with enhanced proportion of winged female A. glycines that disperse within and between soybean Þelds in summer (Hodgson et al. 2005 ), but no study had yet quantiÞed conditions associated with the production of gynoparae that migrate to buckthorn in the fall. Our Fig. 3 . Number of A. glycines alatoid nymphs produced over the emergence period of gynoparae (17 September to 6 October 2008). Bars superscripted by a different letter are signiÞcantly different (ANOVA followed by LSD). For each year, values followed by a different letter are signiÞcantly different (ANOVA followed by LSD). results suggest that the seasonal shift between the primary and secondary hosts begins around 15 September, which corresponds to a daylength below ϳ12.5 h.
In conclusion, the maturation rate of soybean in Indiana does not seem to have a strong, consistent effect on aphid populations during the current year crop. However, it may have an indirect effect on aphid population dynamics by inßuencing the density of fall migrants and population density in subsequent years. Our results cover a broad range of aphid densities, some below and others that exceeded the economic threshold for soybean aphid (250 individuals per plant; Ragsdale et al. 2007) , and thus reßect realistic conditions associated with commercial soybean production in Indiana. Future studies are needed to determine the key biotic and abiotic factors inßuencing the population dynamics of late season aphids to establish a relation between the number of fall migrants, overwintering eggs, and population density on soybean in the following year.
